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Abstract
A metal fuel cycle combined with pyropartitioning and transmutation of minor actinide elements from 
spent light water reactor fuels is proposed for closing actinide cycle. Central Research Institute of 
Electric Power Industry has started study on the pyropartitioning since 1986. Thermodynamic properties
were assessed for uranium, transuranium elements (TRUs), and fission product (FP) elements to 
understand the process chemistry and feasibility. After demonstration of each step by using simulating 
material including uranium and TRUs, a pyropartitioning test using real high level liquid waste was 
performed. The feasibility of the pyropartitioning process was verified through these studies.
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1. Introduction
High level liquid waste (HLLW) generated by reprocessing spent light water reactor fuels contain
minor actinide elements (MAs), which retain their radioactivity and heat generation for a long period. 
The HLLW is vitrified with borosilicate glass for stabilization, and will subsequently be disposed of in 
a geological repository, in which sufficient spacing is required due to the high temperature of high level 
radioactive waste glass. Some MAs, such as 241Am, are considered to be a major source of the heat 
generation in the waste and some MAs have long half-lives, such as 2.14 million years for 237Np [1, 2].
Therefore, recovery of MAs from the HLLW would be effective not only for reducing the burden on the 
geological repository, consequently increasing the amount of high level waste that can be disposed in a 
repository site, but also for reducing the toxicity of high level waste in the future.
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For the recovery of MAs from the HLLW, Central Research Institute of Electric Power Industry 
(CRIEPI) proposes a pyropartitioning process [3, 4]. The schematic flowchart of the pyropartitioning 
process is shown in Fig. 1 [5]. Most of the elements in the HLLW, which mainly exist as nitrate forms, 
are converted to oxide forms by calcination under air in the denitration step. The denitration product is 
converted to chlorides in a molten LiCl-KCl eutectic salt bath using chlorine gas and carbon in the 
chlorination step. Once the elements are converted to chlorides, various pyrometallurgical methods such 
as reductive-extraction in a molten salt/liquid metal system and electrolysis in molten salt can be 
applied not only for the recovery of the actinide elements but also to separate the actinide elements from 
fission products (FPs). The actinide elements are selectively recovered from the molten salt as metallic 
forms. The remaining FPs in the molten salt, i.e., rare-earth FPs, alkaline-earth FPs, and alkaline FPs, 
are removed by electrolysis using a liquid lead cathode or absorption on zeolite and stabilized as a 
vitrified glass waste or a glass bonded sodalite waste, respectively [6-8]. The recovered actinide 
elements are recycled to a metal fuel fast reactor for transmutation, in which U-Pu-Zr alloy is used as 
the fuel.
Fig. 1 Schematic of pyropartitioning process [5]
The following two primary criteria are applied to the pyropartitioning process [4].
x More than 99% of each TRU in the HLLW is recovered.
x The total mass of rare-earth FPs in the recovered product is less than that of TRUs
Since the mass of rare-earth FPs in the HLLW is estimated to be approximately 10 times larger than 
that of the TRUs, the second criterion corresponds to the decontamination factor of rare-earth FPs being 
greater than 10 [4].
CRIEPI has started the study on the pyropartitioning since 1986. Firstly, thermodynamic properties,
such as standard potentials and free energies of formation of chlorides in molten salt, activity 
coefficients in liquid metals, and separation factors in molten salt/liquid metal systems, were assessed 
for uranium, TRUs, and FP elements to understand the process chemistry of each step. Then, 
demonstration of each step was performed using simulating materials. Finally, a pyropartitioning test 
using real HLLW was performed. In this paper, CRIEPI’s research and development on the 
pyropartitioning process is summarized.
2. Thermodynamic data measurement
The separation of actinide elements from rare-earth FPs is performed in molten LiCl-KCl and
liquid metal media. Therefore, thermodynamic properties such as standard potentials and free energies 
of formation of chlorides in molten salt, and activity coefficients in liquid metals were measured using
uranium, TRUs, and rare-earth elements [9-11]. The representative results are shown in Tables 1 and 2.
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Table 1 Standard potentials vs. Ag/AgCl (1wt.% AgCl) or Li(I)/Li(0) reference electrode and standard 
free energies of formation of metal chlorides in molten LiCl-KCl eutectic salt at 450oC [9]
Couple E0M (Ag),
V
E0M (Li),
V
ǍG0f (MCln),
kJ mol-1
U(III)/U(0) -1.283 1.158 -714.5
Np(III)/Np(0) -1.484 0.957 -772.5
Pu(III)/Pu(0) -1.593 0.847 -804.3
Am(II)/Am(0) -1.642 0.799 -545.5
La(III)/La(0) -1.918 0.523 -898.3
Nd (III)/Nd(0) -1.862 0.579 -882.1
Table 2 Activity coefficients of actinide and rare-earth elements in liquid cadmium and liquid bismuth
at 450oC[10,11]
Element Log ǫM in Cd Log ǫM in Bi
La -9.3 -14.4
Ce -8.8 -13.9
Pr -8.6 -13.8
Nd -8.7 -
Gd -6.8 -11.8
Y -6.6 -10.9
U 1.9 -5.1
Am -3.9* -
* Am was assumed to exist as Am(II) in molten LiCl-KCl eutectic salt.
For evaluating the separation behaviors of actinide elements from rare-earth elements by using the 
difference of distributions in molten salt/liquid metal systems, a concept of separation factor (SF) is 
used. The SF in a molten salt/liquid cadmium system is defined using Eq. (1) [12].
)saltin Boffraction mole(
)Cdin Boffraction mole(
)Cdin Aoffraction mole(
)saltin Aoffraction mole(
/  BASF (1)
where, SFA/B denotes the separation factor of element A versus element B.
Among actinide elements and most of the rare-earth elements, the SF value at a certain 
temperature is theoretically constant as long as their activity coefficients are assumed to be constant
because these elements behave as trivalent in the salt [12]. The SF values of neptunium and rare-earth 
elements versus uranium in molten salt/liquid cadmium system are shown in Table 3 [13].
Table 3 Separation factor values of neptunium and rare-earth elements with respect to uranium in 
LiCl-KCl/Cd and LiCl-KCl/Bi systems at 500oC [13]
Element Separation factor
in LiCl-KCl/Cd
Separation factor
in LiCl-KCl/Bi
U 1 1
Np 1.9 1.1 x 10
Pr 4.2 x 10 9.22 x 102
Nd 4.5 x 10 9.33 x 102
Ce 4.9 x 10 8.34 x 102
La 1.31 x 102 2.53 x 103
Gd 1.79 x 102 1.04 x 104
Y 5.32 x 103 5.84 x 105
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3. Process demonstration of each step using simulating material
3.1. Denitration and chlorination using uranium and simulating FPs [14]
Various elements in the HLLW must be converted to their chloride forms prior to the actinide/FP 
separation by the pyrometallurgical method. A successive test of denitration and chlorination was
performed using simulating HLLW containing uranium. The simulating HLLW solution was heated at 
500oC for an hour to decompose the nitrate compounds. Then the denitrated material was rinsed with 
water to investigate the separability of alkali metal FPs. The denitration product was heated to 700oC in 
graphite crucible, which was placed in a quartz vessel, with LiCl-KCl eutectic salt. Conversion to 
chloride from denitration product, which was mainly in the forms of oxides, was performed by 
introducing pure chlorine gas into the molten salt for 10 hours. 
Almost all of uranium and some FP elements, such as alkaline-earth, rare-earth, zirconium, and 
palladium, were recovered as the water insoluble residue after the denitration. Samples taken from the 
salt phase after the chlorination contained less than 0.1% of water insoluble spices. Therefore, it was 
indicated that uranium and FP elements such as rare-earth and alkaline-earth were converted to water 
soluble spices after the chlorination, which were regarded as chlorides. Probably due to direct 
introduction of chlorine gas into the molten salt and operating temperature of 700oC, 5% of uranium 
evaporated during the chlorination.
3.2. Separation of uranium and TRUs from simulating chlorination product salt [15]
Demonstration test to separate uranium and TRUs from simulating chlorination product salt by
electrolysis in molten salt and reductive-extraction in molten salt/liquid bismuth system was performed.
The simulating chlorination product salt was prepared corresponding to the HLLW generated by 
reprocessing 100g of spent oxide fuel. 
The distributions of actinide elements are shown in Table 4 [15]. In addition to the actinide 
elements, 1680 mg of rare-earth elements (Y, La, Ce, Pr, Nd, Eu, and Gd), 48 mg of zirconium, and 8
mg of strontium existed initially. The mass ratio of TRUs to rare-earth elements was 0.10 in the initial 
condition and 2.0 in the recovered product. Though recovery ratios of actinide elements were slightly 
less than 100% due to analytical error, the remained ratio in the waste salt was less than 1% for each 
actinide element. Accordingly, it was shown that pyropartitioning process can meet the targets set for 
the separation and recovery.
Table 4 Distributions of actinide elements in separation test using simulating chlorination product salt
[15]
Element Initial 
amount, mg
Recovered 
ratio as 
product,
vs. initial 
amount*
Remained 
ratio as 
waste,
vs. initial 
amount*
U 175 99% 0.9%
Np 82.2 93% 0.2%
Pu 16.4 90% 0.2%
Am 76.4 86% 0.6%
*: calculated from values shown in reference [15]
3.3. Removal of simulating FPs from waste salt by electrolysis [7]
In order to recycle the LiCl-KCl salt after the actinide separation, recovery of the remaining active 
FPs, such as rare-earth FPs, alkaline-earth FPs, and alkaline FPs, by electrolysis was proposed. Several 
electrolysis tests were performed using solid iron, liquid lead, and liquid cadmium cathodes. It was 
concluded that liquid lead cathode is suitable to separate alkaline-earth elements from lithium.
Removal of the active FP elements in the lead phase by introducing air was also performed using 
335 g of lead phase at 800oC. As shown in Table 5, almost all of the active metals were removed by 
oxidation and extracted into slug phase [7].
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Table 5 Change of content in Pb phase by introduction of air [7]
Element Content in Pb
before oxidation, g
Content in Pb
after oxidation, g
Li 0.034 < 0.002
Na 0.298 < 0.001
K 0.072 < 0.001
Cs 18.0 < 0.002
Sr 0.796 < 0.002
Ba 1.75 < 0.002
Eu 1.09 < 0.002
3.4. Process demonstration using real HLLW [5]
For the demonstration of pyropartitioning process, a hot cell test to recover TRUs from real HLLW 
through denitration, chlorination, and reductive-extraction was performed. This test was carried out at 
Institute for Transuranic Elements (ITU) in Germany under a joint research program between CRIEPI 
and ITU. The HLLW was prepared mainly from the raffinate generated by Purex reprocessing of a 
MOX fuel irradiated in a PWR. Approximately 520 g of the prepared HLLW, which contained roughly 
8400 µg/g of uranium, 600 µg/g of TRUs, and 2000 µg/g of FPs, including 870 µg/g of rare-earth FPs,
was used.
The denitration was performed in an air atmosphere hot cell. After heating the HLLW at 90-120°C 
for concentration, it was dried at 100-140°C. Then, the dried material was calcined at approximately 
500°C under air flow. Almost all the denitrated material, which is shown in Fig. 2, was recovered from 
the crucible [5].
Fig. 2 Recovered material after denitration [5]
The chlorination step was performed in an argon atmosphere hot cell. The entire denitration 
product was loaded in a graphite crucible filled with LiCl-KCl eutectic salt. The graphite crucible was 
placed in a quartz reactor and heated to 650°C in the furnace. After melting the salt, pure chlorine gas 
was introduced to the reactor. The chlorination was conducted for a total of 32.2 hours. Some brown 
deposit was observed in the outlet tube during the chlorination, which was considered to be a volatile 
material formed during the chlorination. The chemical analysis of the chlorination product samples
showed that almost all the actinide elements, rare-earth FPs, alkaline-earth FPs, and alkaline FPs were 
converted to their chloride forms. No actinide element was detected in the evaporated part during 
denitration and chlorination. 
The following reductive-extraction step was also performed in the argon atmosphere hot cell.
Together with a part of the chlorination product, cadmium metal was put in an MgO crucible and heated 
to 500°C. By addition of Cd-Li alloy reductant, the elements in the salt phase were reduced and 
extracted into cadmium phase. The concentrations of actinide elements in the salt phase were gradually 
reduced with the addition of Cd-Li alloy reductant, as shown in Fig. 3 [5]. Simultaneously, those in the 
cadmium phase increased gradually, corresponding to their decrease in the molten salt phase. Each 
TRU was successfully recovered in the cadmium phase.
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Fig. 3 Concentration profile in salt phase during reductive-extraction [5]
4. Conclusion
From the basic data acquisition and process demonstration tests using simulating material and real 
HLLW, the feasibility of the pyropartitioning process was verified. Though the pyropartitioning process 
is currently one of the technological options to recover MAs, this verification directed it to be a 
promising option for the upcoming era of atomic energy. CRIEPI has also been developing metal fuel 
FBR cycle technology, which comprises “pyroprocess” whereby the spent fuel from the metal fuel FBR 
is reprocessed pyrometallurgically. Since the base technology for the pyropartitioning process and the 
metal fuel FBR cycle is common, CRIEPI is developing both processes as an integrated one.
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